INTRODUCTION 20
Classification plays an integral role in Paralympic sport and aims to promote increased 21 participation in sport by people with disabilities by minimising the impact that impairment 22 has on the competition outcome. Para swimming, one of the most popular Paralympic sports, 23 uses a functional classification system to group athletes with an eligible physical impairment. 24
Unfortunately, studies have shown current classification methods fail to delineate 25 performance between some classes and disadvantage athletes with certain types of physical 26 impairment within classes (Burkett et al., 2018; Daly & Vanlandewijck, 1999; Wu & Williams, 27 1999) . The shortcomings of the current classification system may result, at least in part, from 28 issues with measurement weighting and aggregation stemming from a lack of understanding 29 of the relationship between impairment and swimming performance (Tweedy, Beckman, & 30 Connick, 2014) . World Para swimming have mandated that research be conducted to provide 31 the scientific evidence to underpin a new classification system in Para swimming 32 (International Paralympic Committee, 2015) . 33 A key step towards evidence-based classification systems in Para sport is developing valid 34 tests of impairment and establishing their relationship with sports performance. It is 35 important to note that these tests do not directly measure impairment, but infer impairment 36 based on knowledge of intact, unimpaired body structures and functions (Tweedy, Mann, & 37 Vanlandewijck, 2016) . Their purpose is to describe Para athletes' type, location and severity 38 of impairment to estimate their subsequent activity limitation for a given sporting event. The 39
International Paralympic Committee (IPC) Position Stand stipulates that valid impairment 40 tests will have several measurement properties (Tweedy & Vanlandewijck, 2011) . These 41 include impairment tests being precise and reliable, ratio-scaled, specific to the impairment 42 of interest, quantitative, account for a significant portion of variance in performance, and as 43 training resistant as possible. 44
Muscular strength and power are key determinants of success in competitive swimming and 45 their importance to propulsion during swimming is widely accepted (Crowley, Harrison & 46 Lyons, 2017; Loturco et al., 2016) . Para swimmers with health conditions such as spinal cord 47 injury, cerebral palsy and Charcot-Marie-Tooth disease have impairments to the central and 48 peripheral nervous systems, musculoskeletal system or links between these structures, that 49 result in loss of muscular strength and power and affect their swimming performance 50 (Dingley, Pyne, & Burkett, 2014; Dingley, Pyne, Youngson & Burkett, 2015; Morouco et al., 51 2011) . Classifying strength impairment of Para swimmers with motor-complete spinal cord 52 injury is relatively straightforward as these athletes have a non-progressive loss of voluntary 53 motor control that corresponds to the level of lesion (Connick et al., 2018) . Other progressive 54 and non-progressive medical conditions such as cerebral palsy, motor-incomplete spinal cord 55 injury, polio, and Charcot-Marie-Tooth disease have inconsistent clinical manifestations. 56
Para swimmers with these conditions have loss of voluntary motor control that varies 57 considerably for the severity of impairment and its presentation in the trunk, and upper and 58 lower limb extremities. 59
Manual Muscle Testing (MMT) techniques are currently used to assess the severity and 60 location of impairment by subjectively inferring swimmers' loss of strength by rating whether 61
they can produce what is termed 'normal' resistance around joints (International Paralympic 62 Committee, 2017) . Although having several advantages, including being easy to administer, 63 widely utilised in clinical practice and inexpensive, MMT techniques lack key measurement 64 properties required for evidence-based classification. Inter-and intra-tester reliability is poor 65 due to the subjective assessment of muscle strength and the ordinal measures derived from 66 MMT are limited in defining their relationship with sporting performance (Beckman, Connick, 67 & Tweedy, 2017; Bohannon, 2005) . 68
Guidelines have recently been published for the development of instrumented tests of 69 muscle strength for the purposes of classification (Beckman, Connick & Tweedy, 2017) . The 70 key recommendations were to develop isometric measures of muscle strength that assess 71 Para athletes' force generating capacity in multi-joint positions that are standardised and 72 specific to the sport of interest. Such tests will provide the most valid measures for inferring 73 loss of muscle strength for classification as they determine the maximal force generating 74 capacity of a muscle or muscle group (Cormie, McGuigan, & Newton, 2011) , are more likely 75 to be resistant to training than dynamic muscular strength and power tests that typically 76 have greater specificity to athletic performance (Beckman et al., 2017; Loturco et al., 2016) , 77
and might have strong and meaningful associations with sports performance in Para athletes 78 with strength impairment (Beckman, Conncik & Tweedy, 2016; Hyde et al., 2017) . 79
As isometric strength tests are limited in assessing muscular strength through full range of 80 motion, important steps in developing tests for classification include identifying the principal 81 muscle groups and actions that are involved in the sport (Beckman et al., 2017; Burkett et al., 82 2017) . Most studies in able-bodied swimmers have investigated front crawl swimming and 83 have reported the latissimus dorsi, pectoralis major, and teres minor play important roles in 84 stabilising and mobilising the shoulder into extension and adduction during the early and late 85 underwater pull phases that are primarily responsible for propulsion (Amaro, Morouco, 86 Marques, Fernandes & Marinho, 2017; Martens, Figueiredo & Daly, 2015) . Agonist 87 antagonist activity of muscles of the elbow joint (i.e. biceps brachii and triceps brachii) and 88 wrist joint (i.e. brachioradialis, flexor carpi ulnaris, and extensor carpi ulnaris) stabilise the 89 forearm and hand to overcome water drag during these propulsive actions (Martens et al., 90 2015) . 91
Although the lower limb extremity contributes less to propulsion and swim velocity in front 92 crawl than the upper limb extremity (Amaro et al., 2017; Bartolomeu, Costa & Barbosa, 2018) , 93 the quadriceps and hamstring muscle groups mobilise the hip and knee joints to generate 94 drag and lift forces in coordination with the arm stroke (Bartolomeu et al., 2018; Martens et 95 al., 2015; Morouco, Marinho, Izquierdo, Neiva & Marques, 2015) . Strength impairments in 96 the lower limb extremity might have increased importance in the lower sport classes where 97 drag is more important in discriminating between performances (Oh, Burkett, Osborough, 98 Formosa & Payton, 2013) , due to the role that the leg kick plays in stabilising the body and 99 generating lift forces that allow swimmers to maintain streamlined body positions (Amaro et 100 al., 2017; Bartolomeu et al., 2018; Psycharakis & Sanders, 2010 recorded from a custom-built chair for Para swimmers with no or poor locomotor ability. 157
Ratios of sitting height to standing height available in the World Para swimming Classification 158
Manual were used for estimations (International Paralympic Committee, 2017) . 159
The order of the strength tests was randomised. All participants undertook the test battery 160 under the instruction and supervision of the principal researcher. Isometric strength was 161 assessed using an S-type strain gauge attached to a custom-made aluminium frame that 162 For non-disabled participants, normality of distribution was confirmed using the Shapiro-215
Wilk test. Unpaired sample t-tests assuming equal variances were used to determine 216 differences between male and female participant groups. Reliability assessments were 217 calculated using Hopkins' reliability spreadsheet (Hopkins, 2015) . Paired sample t-tests were 218 conducted to identify any systematic change in test measures between repeated trials. Intra-219 class correlation coefficients (ICC) method 3,1, standard error of measurement (SEM) scores 220 expressed in the original units of measurement, and coefficient of variation (CV) scores were 221 calculated to provide an absolute assessment of reliability (Hopkins, 2000) . ), although there was no significant difference found between groups (p = 0.12). 245
All strength scores had significant low to moderate correlations (r=0.32 to 0.53, p≤0.05) with 246 maximal clean swim speed in the combined cohort of Para swimmers, except for non-247 dominant shoulder flexion (r=0.15, p=0.35) (Figure 3) . 248
There were fewer strength scores that had significant correlations with clean swim speeds 249 when hypertonia or impaired muscle power groups were analysed independently (Figure 3) . Reliability assessments indicated all strength tests to be reliable in non-disabled participants 260 (Table 2 ). There were no significant changes in outcome measures between repeated trials, 261 with participants' absolute and relative changes ranging from -7 ± 4 N to 2 ± 18 N and -5 ± 262 10 % to 3 ± 12 %, respectively. Strength test measures in non-disabled participants are 263 shown in Figure 1 and Supplementary This study aimed to establish the validity and reliability of isometric strength tests for 269 classification of Para swimmers with physical impairment. A key measurement property of 270 these tests is their ability to identify Para swimmers with an eligible strength impairment. 271
Eligibility is determined by type of physical impairment, as well as impairment severity that 272 must conform to the minimum eligibility criteria. The isometric strength tests presented in 273 this study were found to differ between Para swimmers with physical impairments and non-274 disabled participants (Figure 1) , suggesting they will be useful in inferring loss of strength and 275 guiding minimum eligibility criteria in Para swimming cohorts. 276
The strength test measures reported for non-disabled participants provide a useful 277 benchmark to infer loss of muscle strength in Para swimmers, although there are several 278 points to consider beforehand. First, there were significant differences in strength scores 279 between non-disabled male and female participants suggesting that sex-specific benchmarks 280
should be used to infer loss of strength in Para swimmers with physical impairment 281 (Supplementary Table 2 ). Second, the non-disabled participants showed considerable 282 variations in strength scores (Figure 1) , likely due to the range in reported activity 283 backgrounds ( Table 1 ). Given that muscular strength is responsive to training type, volume 284 and intensity (Crowley et al., 2017) it is important that normative values are collected in a 285 larger sample of able-bodied swimmers with various training ages and regimes. This will 286 provide classifiers with normative values in non-disabled participants stratified by age, sex 287 and training status so that they can accurately infer Para swimmers' strength impairments. 288
Supporting the predictive validity of the isometric strength test battery, the random forest 289 algorithm had a 95 % success rate in correctly classifying participants with and without 290 physical impairment based on strength test measures. There were two Para swimmers that 291 were incorrectly classified as non-disabled participants. The first was a male Para swimmer 292 with hemiplegic cerebral palsy that competes in the S6 class based on classification of motor 293 coordination impairment, and so it is possible that that this participant is not affected by 294 strength impairment. For Para swimmers with hypertonia, the current classification system 295 assigns class based on the assessment of strength, motor coordination or range of movement 296 depending on which one of these is judged to be most affected by the Para swimmer's health 297 condition (International Paralympic Committee, 2017) . It is interesting that all Para 298 swimmers with hypertonia in this study compete in their current sport class based on 299 assessment of motor coordination impairment. The high success rate of the random forest 300 in classifying these Para swimmers using isometric strength and symmetry scores indicates 301 that these Para swimmers have strength impairments that affect their swimming 302 performance ( Figure 3 ). This finding highlights the complexity of these Para swimmers' 303 health conditions, and that classification should collectively account for impairments in 304 strength, motor coordination and range of motion for these swimmers. by impairment (Morouco et al., 2015; Bartolomeu et al., 2018) . However, these tests might 338 not comprehensively describe knee flexion and plantar flexion strength impairments that 339 relate to starts and turns performance (Dingley et al., 2015; Jones et al., 2018) or propulsive 340 forces during swim kicking (Connaboy et al., 2016) . 341
Ensuring that the isometric strength test battery is comprehensive and parsimonious is 342 important to consider before its implementation into a revised classification system. It is 343 important to highlight that there were fewer correlations found between strength scores 344 and maximal swim speeds when hypertonia and impaired muscle power groups were 345 analysed independently (Figure 3 ). There are two explanations for these results. First, the 346 wide range in location and distribution of strength impairment of Para swimmers that are 347 within these groups affect the ability of any singular strength score to explain activity 348 limitation in swimming. For instance, Para swimmers with impaired muscle power had a 349 range of medical conditions ( Table 1 Another explanation for the above, is that the type of physical impairment influences the 361 association between strength tests and para swimming performance. It is interesting to note 362 that Para swimmers with hypertonia showed a high correlation between dominant shoulder 363 flexion and maximal clean swim speed (r=0.66, p<0.01), while there was no correlation found 364 in Para swimmers with impaired muscle power ( Figure 3C ). This test was included in the 365 battery as it was thought it would describe activity limitation in Para swimmers with severe 366 impairments that use modified swim strokes (Prins & Murata, 2008) . The positioning and 367 action of the isometric shoulder flexion test is dissimilar to the kinematics of the underwater 368 and recovery stroke phases of front crawl in able-bodied swimmers (Martens et al., 2015) ,which explains why no correlation was found with maximal swim speed in the impaired 370 muscle power group. Conversely, the shoulder flexion strength test might be associated with 371 the level of spasticity that affects Para swimmers with hypertonia and may be collinear with 372 reduced motor coordination and range of motion that affects swim performance. Indeed, 373 spasticity typically affects the flexor, adductor and internal rotator muscle groups more than 374 their antagonists (Antunes, Rossato, Lima Kons, Luiz Sakugawa & Fischer, 2017; Delgado & 375 Albright, 2003) , and there is a high inverse association between the level of spasticity and 376 voluntary motor function in people with health conditions such cerebral palsy and acquired 377 brain injury (Delgado & Albright, 2003) . These results highlight the impairment-specific 378 nature of activity limitation in Para swimming, and that separate test batteries could be used 379 to classify Para swimmers based on their aetiology of impairment. 380
The final aim of this study was to establish the test-retest reliability of strength tests. All tests 381 were shown to be reliable in non-disabled participants, which is a prerequisite for evidence-382 based classification. Unfortunately, reliability in Para swimmers with hypertonia or impaired 383 muscle power was not assessed due to limited time available to test these swimmers. 384
Reliability data was collected in a convenient sample of non-disabled participants as 385 measures that were found to be unreliable in this cohort would be unlikely to have 386 acceptable reliability in Para swimmers with physical impairments (Beckman et al., 2014; 387 Connick, Beckman, Deuble & Tweedy, 2016; Nicholson et al., 2018) . Future studies should 388 now establish the reliability of measures in Para swimmers with physical impairments to 389 confirm their utility in Para swimming classification. 390
It is important to note that the application of this study's findings is limited without further 391 research. This study intentionally limited tests that were designed to explain activity 392 limitation in the freestyle discipline as there was limited time available to test Para swimmers. 393
While there is likely to be some crossover between tests, other swim strokes are dependent 394 on muscle groups and actions that were not assessed in this study (Martens et al., 2015) . 395
Targeted efforts are now required to develop strength tests that explain activity limitation in 396 other swim strokes. Once this has been achieved, data collection in a larger sample of para 397 swimmers can be conducted to define the relative impact that strength impairments have 398 on swimming performance and guide valid classification structures (Altman et al., 2018; 399 Connick et al., 2018; Hogarth, Payton, Van de Vliet, Connick & Burkett, 2018) . 400
The isometric strength tests in this study also have several inherent limitations in classifying 401 strength impairment. Namely, they are susceptible to athletes misrepresenting their abilities, 402 they limit strength assessment to a fixed range of motion, strength scores might be 403 Plots show these associations for the combined cohort of para swimmers (n=39) and independently for Para swimmers with hypertonia (n=20) or impaired muscle power (n=19). Male (dark colour dots) and female (white colour dots) participants were pooled for analysis. *(p≤0.05) and **(p≤0.01) indicate significance. 
